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* 

COMPARISON OF OUTS IDE -SURFACE HEAT-TRANSFER COEFFICIENTS 
FOR CASCADES OF TURBINE BLADES 
By James E. Hubbartt 


SUMMARY 

Available literature from heat-transfer investigations on cas- 
cades of turbine blades was surveyed and the results from each 
investigation are presented according to the correlation procedure 
used by each investigator. A comparison of these results was made 
using the Nusselt equation with the Reynolds number defined by 
either the inlet velocity and pressure or the average of the 
velocities and the pressures around the blades. 

A correlation of the results obtained from the impulse blades 
investigated was improved by using the average Reynolds number. By 
using this correlation procedure, the results from all the turbine- 
blade investigations with the exception of one blade, which had a 
high degree of reaction, could be represented by a mean line with a 
maximum deviation of ±15 percent. 

The results from an investigation with a reaction blade were 
correlated by introducing the temperature ratio with an exponent 
of approximately l/3 in the Nusselt equation. 


INTRODUCTION 

In order to attain high gaa -turbine inlet temperatures or 
operation at current temperatures with turbine blades constructed 
of nonstrategfc materials, the blades must be cooled below tempera- 
tures at which extreme losses in strength occur. Evaluation of 
turbine-blade cooling is dependent on a knowledge of the outside- 
surface heat-transfer coefficient as well as many other factors. 
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The heat- transfer process for f lov along flat plates and nor- 
mal to and Inside cylinders has received considerable experi- 
mental study and the results have been satisfactorily correlated 
(for example, reference 1) . Application of these results 'to tur- 
bine blades is questionable because a heat-transfer- correlation 
procedure for flat plates and cylinders is simplified by the simi- 
larity in shape parameters and proportionalities in flow parameters. 

A limited number of experimental heat-transfer investigations 
have been made on static cascades of both impulse- and reaction- 
type turbine blades (references 2 to 6). In all cases, the average 
outside -surface heat-transfer coefficients were determined and an 
individual correlation of the results from each cascade was made. 
The correlation procedures used were, in general, the same as that 
used for results from similarly shaped bodies but the correlation 
parameters were defined differently. In most cases, the investi- 
gations were made using low temperature differences. 

A study of the out side- surface heat-transfer process made at 
the NACA Lewis laboratory presents a collection cf available heat- 
transfer results obtained from investigations in which outside- 
surface coefficients were determined for static turbine-blade cas- 
cades. The correlation of the results from each experiment, as 
presented by the individual investigator, is included with a brief 
description of the experimental conditions and evaluation of the 
results. In addition, a correlation procedure is proposed and ap- 
plied to the available results and a comparison is made using this 
procedure . Factors are pointed out that seemingly influence the 
correlations. Further experimental research to investigate such 
factors is therefore indicated. 

* 

Acknowledgement is made to the General Electric Company and 
the British National Gas Turbine Establishment for helpful 
cooperation. 


COHRELATION EQUATION 

Experiments with heated or cooled bodies in a gas stream indi- 
cate that the lengthy functional relation for heat transfer obtained 
from dimensional analysis can, In many cases, be reduced to the 
simple Nusselt equation 


*U . C^ae ) 011 (a -) 0111 


(i) 


(All symbols are defined in the appendix.) 
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This equation has been conventionally used to relate the heat- 
transfer process for forced convection. The exact definition of 
the variables in each parameter, however, has not been established. 
In the available literature pertaining to heat-transfer investi- 
gations with turbine blades, the heat -transfer coefficient has 
been based on the difference between the effective gas temperature 
and the surface temperature. Various temperatures have been used 
to define the gas properties and the density. In some recent work 
(reference l), better correlation was obtained, when both the gas 
properties and the density were defined by the surface temperature. 
For most correlation work, the pressure defining the density and 
the velocity have been taken in the main stream at the inlet to 
the test body. In some cases, however, the exit or mean velocity 
and pressure have been used. Moreover, the characteristic length 
in the Reynolds and Nusselt numbers has, in general, differed for 
each different geometric shape investigated. One characteristic 
length, the perimeter divided by it, has been frequently used for 
correlating results from turbine blades. 

Equation (l) has been sufficient for correlating results from 
heat-transfer investigations with similarly shaped bodies or one 
particular body when the temperature ratios (ratio of the free- 
stream temperature to the surface temperature) are near 1. In 
most cases, the definition of the various parameters therefore 
seems to have little or no effect on the correlation. Results 
from various complex shapes, such as turbine blades, with variable 
temperature ratios indicate that this simplified equation is 
Inadequate for correlation and that more specific definitions of 
the parameters are needed. 

Most heat -transfer investigations with turbine blades have 
been. performed in order to obtain immediate design data for the 
particular turbine blade Investigated. A correlation of the par- 
ticular data was therefore required but objective correlation 
with all other available results was not Investigated. A corre- 
lation of the results from each Individual heat-transfer investi- 
gation has been made herein using equation (1) . 


PRESENTATION OF AVAILABLE DATA 

Heat-transfer results for static turbine-blade cascades have 
been obtained by the NACA (reference 2), in Great Britain (refer- 
ence 3), and in Germany (references 4 and 5). Drawings of all the 
blades and passage configurations used in these investigations and, 
in addition, unpublished data from a single heat-transfer investi- 
gation by the General Electric Company are presented in figure 1. 
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In each investigation the results were correlated using the Nusselt 
equation (equation (1)). The procedure used for defining the pa- 
rameters in the Nuaselt equation and the approximate temperature 
ratio are given in table I. In addition, table I shows the inlet 
static gas temperature, the number of blades, and the ratio of the 
chord to the spacing for each investigation. 

The results of the investigation of reference 2 are shown in 
figure 2(a). These results have a maximum deviation of approxi- 
mately ±10 percent from the line represented by the equation on 
figure 2(a). These data were obtained using a cascade of symmet- 
rical impulse blades that were heated by conduction from an elec- 
trically heated dummy-wheel section. Cooled air was passed over . 
the external surface of the blades. The Mach number at the blade 
outlet was varied from 0.3 to 1.0. A recovery -fact or calibration 
curve for the blade was experimentally determined and the heat- 
trsnsfer coefficient was computed by assuming a one-dimensional 
temperature distribution (in a radial direction) in the experi- 
mental blade. 


The results of the unpublished investigation are presented in 
figure 2(b). The results can be represented by the Nuaselt equation 
although the parameters that have been plotted differ from those in 
the Nusselt equation. Only seven data points were obtained; however, 
the deviation from a straight line Is small end the results are well 
represented by the equation given on figure 2(b). The tests were 
performed using air at low velocities passed over the cascade of im- 
pulse blades, which were heated by steam flowing into the interior 
of the blades. Because the air velocities were low, the effective 
gas temperature was approximately equal to the total gas temperature. 
The heat-flow rate was computed by measuring the quantity of steam 
condensing inside the blade. 

Shown in figures 2(c) and 2(d) are the results of the investi- 
gations of reference 3. These investigations were conducted using 
both heated air and combustion gases passed over the cascade of 
blades . The blades were cooled by water flowing through an annular 
passage near the blade surface. The recovery factor was assumed 
as 0.85 and the heat-transfer coefficient was determined from the 
heat -flow rate, which could be computed by measuring the tempera- 
ture rise in the cooling water. Initially the over-all heat- 
transfer coefficient was oomputed and the data points plotted, as 
shown In figures 2(c) and 2(d). The solid line representing these 
results was then corrected to a curve for which the heat-transfer 
coefficient was based on the difference between the effective gas 
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temperature and the average blade temperature by computing the 
blade -to-water coefficient from existing formulas . The results in 
figure 2(c) were obtained using a cascade of impulse blades and 
the results in figure 2(d) were obtained using a cascade of reaction 
blades. The blades for both cascades were the same but the blade 
stagger changed to increase or to decrease the percentage reaction. 
The results are represented by the equations given on figures 2(c) 
and 2(d) with a maximum deviation of approximately ±10 percent. 

Figure 2(e) presents the results of experiments published in 
reference 4. The cascade was so designed that the angle of attack 
and the ratio of chord to spacing could be varied. The results 
presented are for two ratios of chord to spacing. The results for 
the larger ratio are accurately represented by the corresponding 
equation in figure 2(e). The results from the larger spacing devi- 
ate somewhat from, the corresponding equation. The investigators 
apparently established this equation by comparing trends obtained 
from the various results at different blade s pacings and angles of 
attack. Air was passed through the cascade of blades and the 
experimental blade was heated by steam flowing through five holes 
in the blade. Because the air velocities were relatively low, the 
effective gas temperature was approximately equal to the total gas 
temperature. The heat -flow rate was determined from the drop in 
enthalpy of the steam as it passed through the blade. 

The results of the investigation of reference 5 are shown in 
figure 2(f). These results are represented by the equation in fig- 
ure 2(f). Air was passed through the cascade of impulse blades 
and the experimental blade was heated by electric heating elements 
located in the blade. Because the air velocities were relatively 
low, the effective gas temperature is approximately equal to the 
total gas temperature . The heat-transfer coefficient was deter- 
mined from the heat -flow rate, which was computed from the power 
input to the heating elements. 

All results except those from the reaction blade of refer- 
ence 3 were obtained from investigations at temperature ratios 
that were approximately constant and near 1. The results from the 
reaction blade of reference 3 were obtained at temperature ratios 
from approximately 1.0 to 2.0. For this investigation, a 
temperature -ratio effect was detected. 

The need for a representative procedure of correlating heat- 
transfer results from turbine blades is evidenced by the variations 
in the equation that has been used to represent the available 
experimental results. 
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COMPARISON OF AVAILABLE DATA 
Comparison with Inlet Reynolds Number 

The correlation of forced -convect ion heat -transfer results 
for gases flowing normal to a heated or cooled body has commonly 
involved using the Nusselt equation vith the Reynolds number 
defined by the main-stream pressure and velocity at the immedi- 
ate inlet to the body. In addition, the characteristic dimension 
has frequently been represented by the hydraulic diameter of an 
equivalent' cylinder. For a turbine blade, this quantity is taken 
as the perimeter divided by it. This procedure has therefore been 
used to compare the available data. These results are shown in 
figure 3; the gas properties and the density have been defined by 
the average blade temperature. This method of defi n ing the gas 
properties and the density Is used herein because of the results 
presented in reference 1. In reference 1, a correlation of the 
results from heat-transfer investigations with air flowing inside 
tubes was obtained using the Nusselt correlation equation when the 
gas properties and density were defined by the surface temperature; 
whereas a separate relation was required for each temperature ratio 
when other temperatures were used. 

For figure 3, the results from the reaction-blade investiga- 
tions of reference 3 have been reduced to a temperature ratio of 1, 
which is a ratio comparable to those for the other investigations. 
The heat-transfer rates for the reaction blades are, in some cases, 
greater than those for the impulse blades although the slopes 
(which would be 0.5 for a laminar boundary layer and 0.8 for a tur- 
bulent boundary layer) of the curves indicate that the Impulse 
blades have a much larger percentage of turbulent boundary layer, 
the type that promotes the higher heat -transfer rate. The slopes 
of the curves representing the results from the four impulse 
blades are all similar, indicating that thd percentage of the sur- 
face over which there is a turbulent boundary layer is similar. 
Nevertheless, the heat-transfer rate for these impulse blades 
varies as much as 45 percent. It is doubtful that this difference 
could be attributed to experimental error. Apparently, the corre- 
lation procedure is incomplete and must be modified to incorporate 
variables that influence the comparison obtained In figure 3. A 
modification of this procedure to obtain a complete correlation 
cannot be made until more extensive theoretical developments and 
experimental investigations have been completed. In view of cur- 
rent heat-transfer theory, some improvements can be incorporated 
and comparisons partly Justified. Nevertheless, the correlation 
procedure of figure 3 is probably the most convenient procedure 



NACA RM E50C28 


7 


for design purposes and is adequate for correlating results from 
investigations on one particular cascade of ‘blades operating at a 
constant temperature ratio. Figure 3 can be used for predicting 
heat transfer to a cascade "by selecting a curve representing the 
results from a similar blade and blade arrangement . 

An argument against defining the average Nusselt number by 
the Reynolds n umb er based on the inlet velocity and pressure can 
be advanced by visualizing two cascades of different blades and 
passage configurations but with similar boundary layers. With the 
same blade spacing in the two oascades and inlet conditions and 
blade temperatures, the local heat -transfer coefficient of a region 
on one blade in each cascade will differ beoause the local Reynolds 
number distribution differs. Because the local heat -transfer coef- 
ficient differs, the average Nusselt number will, in general, differ. 
For these two cases, identical inlet Reynolds numbers then yield 
different heat-flow rates. Apparently, this Reynolds number is in 
itself insufficient. In order to establish the relation defining 
the average heat-transfer coefficient, the local coefficients could 
be expressed by the equation 

Hu i " °IT Ks x < 2 > 

and the integrated average determined. The integration cannot be 
evaluated at present because it is so difficult as to be impracti- 
cal to express the velocity arri. pressure around a turbine blade 
with the Independent variable x. It seems reasonable that the 
integration would yield an expression involving the Reynolds num- 
ber defined by the averages of the velocities and the pressures 
around the blade. The use of this average Reynolds number In the 
correlation equation may improve and present a more reasonable 
comparison of various results than that obtained using the inlet 
Reynolds number. 


Comparison with Average Reynolds Number 

Determination of average Reynolds number . - The available 
heat-transfer data from turbine-blade cascades have been reworked 
so that the results could be compared -using the average Reynolds 
number in the correlation equation. Because the velocity and 
pressure distributions were not experimentally obtained, they were 
calculated using theoretical methods and the average velocity and 
pressure were determined as the integrated mean. The stream- 
filament theory for a compressible fluid (reference 6 ) was used 
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to determine the local velocities on the blade profile In the 
channeled portion of the blades. The velocities in the regions 
of the leading and trailing edges, over which the stream-filament 
theory does not apply, were estimated by a circulation check 
(reference 6) . 

A sample velocity distribution calculated for a reaction 
blade is shown in figure 4. The stream-filament theory applies 
over the surface in the regions between 0^ and 0g and between 
0^' and 02*. For the remaining portion of the blade, a circula- 
tion check was made to fair in the velocity curve. The circulation 
around the leading edge is determined as the product of the inlet 
velocity, the spacing, and the sine of the acute angle between the 
inlet -velocity vector and the cascade line. The calculated circu- 
lation must check that represented by the difference between the 
area under the velocity curve from 0g to the leading edge and 
from the leading edge to 0 2 '. The procedure followed was there- 
fore to fair in the velooity curve in order to fulfill such a 
check. Similarly, for the trailing edge, the circulation repre- 
sented by the difference in areas from the trailing edge to 0^ 
and from O^' to the trailing edge must check that determined 
from the product of the outlet velocity, the spacing, and the sine 
of the acute angle between the outlet- velocity vector and the cas- 
cade line. 

Nondimens ional plots of the theoretical velocity distributions 
for the various blades investigated are shown in figure 5. 

The pressure distribution was determined from the velocity 
distribution by assuming the total temperature and the total pres- 
sure as constant throughout the blade passage. 

The velocity and pressure distributions were computed for at 
least three inlet-state conditions for each blade investigated. 

The inlet Reynolds number and the corresponding average Reynolds 
number were then computed for each inlet-state condition. The 

, l/3 

corresponding value of Nu aT /Prg ^ was then determined from 
figure 3 using the calculated inlet Reynolds number and the line 
for the particular blade. By this method, at least three values 

of Nuay/Prg^b 1 / 3 and the corresponding average Reynolds numbers 
were determined for each blade investigated. Thereby, a plot 8 lml- 
lar to figure 3 could be established. 

Application of average Reynolds number . - The results from 
the investigations with the impulse blades are compared in figure 6. 
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The conversion from, the Inlet Reynolds number to the average 
•Reynolds number is completed in figure 6(b). The maximum varia- 
tion between the results has been reduced from the original 45 per- 
cent in figure 6(a) to 23 percent In figure 6(b). 

The results from the investigations of reference 3 for both 
impulse and reaction blades are compared in figure 7 with the 
abscissa as the inlet Reynolds number In figure 7(a) and the aver- 
age Reynolds number In figure 7(b). The boundary layer is apparently 
laminar for the reaction blade and partly turbulent for the Impulse 
blades, as indicated by the slopes of the respective curves. 

Although the agreement between the two sets of results in fig- 
ure 7(a) is better than that in figure 7(b), figure 7(b) is a more 
logical representation of the results because the predominating 
laminar boundary layer of the reaction blade is expected to be 
accompanied by lower heat-transfer coefficients for comparable 
conditions . 

Figure 8 is included to show a comparison of all the results 
computed using the average Reynolds number as the abscissa. The 
results from the investigation of reference 4 with two blade 
s pacings have been reduced to a common line by this correlation 
procedure. The results from a flat plate with both a laminar and 
a turbulent boundary layer (reference 7) are also shown in figure 8. 
'the characteristic length for the flat plate has been changed from 
the plate length to the perimeter divided by Jt where the perimeter 
is taken as twice the blade length. The results from all of the 
turbine-blade investigations with the exception of the reaction 
blade of reference 3 can be represented by a mean line on figure 8 
with a maximum deviation of ±15 percent. 

Characteristic length. - Because the local heat-transfer coef- 
ficient is defined by equation (2), where the characteristic length 
is the distance x, it seems reasonable to define the average heat- 
transfer coefficient by the Eusselt equation, where the character- 
istic dimension is the total surface length from the leading edge 
to the trailing edge. By integration of equation (2) to express 
the average heat-transfer coefficient over a surface using simple 
prescribed velocity distributions, it can be shown that the charac- 
teristic length In the resulting Husselt equation is the total sur- 
face length. For turbine blades where the air flows over two sur- 
faces, an average of the two characteristic lengths could be used. 
This average is expressed as the 'perimeter divided by 2.. The use 
of this average length rather than the perimeter divided by jt can- 
not, however, improve the comparison obtained in figure 8 because a 
conversion from one length to the other is a multiplication of all 
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values of both the ordinate and abscissa by a constant (in effect, 
a simple axis shift) . Improvements in the correlation can only 
result if a characteristic length that cannot be expressed as the 
product of a constant and the perimeter is used. Equation (2) could 
possibly be extended to include the effects of geometry parameters 
by selecting a characteristic length that is representative of the 
passage configuration as well as the blade shape. 


Additional Factors Affecting Correlation 

Several parameters other than tnose in the Nusselt equation, 
which are subsequently discussed, are known to influence heat 
transfer to turbine blades . The Nusselt equation as used in fig- 
ure 8 is therefore expected to correlate the results only partly. 

Pressure gradient . - A factor, other than those used In the 
correlation procedure of figure 8, which may influence the heat- 
transfer rate is one that takes Into account the geometric con- 
figuration of the body. Such a term is the Euler number m, 
which is defined as the ratio of the pressure forces to the momen- 
tum. The effect of Euler number on heat transfer for a laminar 
boundary layer over a wedge having a velocity distribution corres- 
ponding to V x n Cyj x 111 Is shown in reference 8 and in figure 9. 
The ordinate represents Cjy of equation (2) with Cjy as 0.5. 
Figure 9 shows that by varying the Euler number frcm. 0 to 1, the 
local Nusselt number for a given local Reynolds number is increased 
by approximately 70 percent. The average Nusselt number, however, 
as determined by integrating equation (2) with Cjy as the ordi- 
nate and Cy as 0.5, for a given average Reynolds number Is 
increased by slightly less than 20 percent. The effect, as shown 
In figure 9, may not be typical of those effects applicable for 
turbine blades with velocity distributions quite different from 
V x = Cyi X s1 ; however, it does indicate the order of magnitude of 
pres sure -gradient effect, which might be typical for a surface 
with a laminar boundary layer. No solutions are available for 
pressure -gradient effect in a turbulent boundary layer. 

It seems possible to explain in part the trends in figure 8 
by a pressure -gradient effect. For example, by comparing the 
results from flat plates with those from turbine blades It is 
apparent that a turbine blade with the same percentage of laminar 
boundary layer (slopes corresponding) as a flat plate will have 
the much higher heat -transfer rate. In general, the differences 
in figure 8 are larger than is predicted by the results of fig- 
ure 9. When equation (2), the velocity distribution, and the 
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pressure -gradient effect of figure 9 are applied to the results 
from the reaction "blade of reference 3, the pressure gradient 
seemingly could account for one-half of the difference "between 
these results and those from, a flat plate with a laminar "boundary 
layer. Hi addition, the correlation curves for the reaction "blades 
investigated are approximately within the ordinate range, which 
expresses the results from the Impulse "blades although the Impulse 
"blades have the larger percentage of turbulent boundary layer over 
their surface. This comparison of the heat -transfer rates, also, 
can be explained by the more favorable pressure gradient on a 
reaction blade (fig. 5), which increases the heat transf erred 
through the laminar boundary layer. 

Temperature ratio . - Another factor that may influence heat 
transfer is the ratio of the free -stream temperature to the sur- 
face temperature. The temperature ratio may influence the heat 
transfer in two waysr 

(1) It may have a direct effect on the temperature distribu- 
tion in the boundary layer. Theoretical solutions of references 9 
and 10 have shown that for a flat plate with a laminar boundary 
layer this effect is small for temperature ratios of the order of 
those used for the experiments reported herein. 

(2) The temperature ratio may also have the effect of stabil- 
izing (for a cooled body) or destabilizing (for a heated body) the 
laminar boundary layer resulting in a shift of the transition 
region. 

Experimental heat-transfer investigations with turbine blades 
at temperatures appreciably different from the gas temperature are 
limited to those of reference 3 using a cascade of reaction blades. 
In order to gain knowledge, the data from this investigation have 
been reworked with the temperature ratio incorporated in the 
correlation equation as shown in figure 10. The Eeynolds number 
exponent is taken from figure 2(d). The inlet Eeynolds number 
and the perimeter divided by a as the characteristic length are 
used for convenience. The results can be represented by expressing 
the ordinate proportional to the temperature ratio to approximately 
the negative one -third power. This exponent is much larger than 
that predicted by the theory of references 9 and 10 for a flat 
plate. Currently no definite explanation for this large exponent 
is available. In the case of reaction blades, it may be advisable 
to apply a temperature-ratio correction factor similar to that of 
figure 10. 
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Additional factors that may influence heat transfer to cas- 
cades of turbine blades are transition, separation, and centrifugal 
effects in the boundary layer. Transition from a laminar boundary 
layer to a turbulent boundary layer is accounted for in the corre- 
lation procedures that have been used by the exponent of the 
Reynolds numb er. For a more complete understanding of results 
from turbine blades, a more precise method of interpreting tran- 
sition effects is needed. For better correlations, a method of 
introducing transition in the correlation must be developed. The 
affect of transition on the results of figure 8 is, in most cases, 
to Increase the heat -flow rate for an impulse blade above that for 
a reaction blade. Because little is known concerning heat trans- 
fer in the separated regions. Investigations should be made to 
studjr this problem. 


CONCLUDING REMARKS 

The use of an average Reynolds number improved the correlation 
of results from static cascades of impulse turbine blades. This 
correlation procedure, which appears reasonable from a theoretical 
basis, accounts in part for the effects of blade shape and flow- 
passage configuration. 

A reaction blade with a laminar boundary layer had a much 
greater heat -transfer rate than a flat plate with a laminar bound- 
ary layer. This difference together with the results presented 
indicated the existence of pressure -gradient effects, which seemed 
greater in magnitude than explainable by the simple theory avail- 
able. The need far both experimental and theoretical studies of 
the pressure gradient effects was indicated. 

The temperature ratio seemed to have a significant effect on 
heat transfer .with reaction blades. The results from an investi- 
gation with a reaction blade were correlated by introducing the 
temperature ratio with an exponent of approximately l/3 in the 
t Nusselt equation. More extensive studies with various types of 
blade are needed to investigate this effect. 
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In order to determine rotational effects, actual turbines, 
instead of the static turbine -blade cascades used, should be 
investigated and the results analyzed with results from, static 
cascades . 


Lewis Plight Propulsion Laboratory, 

National Advisory Com mi ttee for Aeronautics, 
Cleveland, Ohio. 
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APPENDIX - SYMBOLS 

The following symbols are used in the calculations and the 
figures. 


A 

flow area, sq. ft 

a 

Telocity of sound, ft /sec 

c 

chord, ft 

°I> C II , ‘ ’ Sx 

arbitrary constants 

°p 

specific heat at constant pressure, 
Btu/(lb) (9 f) 

D 

characteristic length, ft 

g 

acceleration due to gravity, ft/sec 2 

S 

heat-transfer coefficient, Btu/(hr)(sq. ft) 
(of) 

Je 

thermal conductiTity, Btu/(hr)(ft)(°F) 

L 

surface length from leading edge to trail- 
ing edge, ft 

l 

perimeter of blade, ft 

m 

I 

local Euler number, 5 5— 

p V* 61 

g# 2 C g,x 

Nu 

Nusaelt number, ED/kg 

Ku x 

local Nusselt number, H^x/kg^ 

Nu av 

H - 
aw 

average Nusselt number, s- 

P 

absolute statio pressure, lb/sq. ft 
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P 

Pr 

E 

Ee 

Ee aT 


Ee 


i 



V 

v 

X 

P 


P 

P 

Subscripts : 

av 

b 


defined by p = l/2 (p t + P g#0 )> ft 

Prandtl number, 3600 ^j^gAg 


gas constant, ft-lb/(lb)(°F) 


Eeynolds number, p Tl/u 

o 6 o 


average Eeynolds number. 


p V - 

g,av a 




s 


inlet Eeynolds number. 


p .V . - 
g,i 6,1 « 

“Vg ,* 8 


local Eeynolds number, p n Y_ _x/n_ _ 


static temperature, 

temperature defined by ■= l/2 (t^ Q + 1^) , ®R 

absolute velocity, ft/sec 
weight flow, lb/sec 

-t- 

distance along surface from leading edge, ft 

angle formed by inlet-velocity vector and 
line perpendicular to cascade line, deg 

absolute visoosity, slugs/ (ft) (sec) 

mass density, slugs/cu ft 


average 

blade or at blade temperature 


c 


coolant 
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e 

f 

8 

i 

o 

t 

W 

X 

1 1 2 , . • « , 5 


effective 

film 

gas 

inlet 

outlet 

throat 

wall or at wall temperature 

local position corresponding to distance x 
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TABLE I - SUMMARY OF VARIABLES THE) IN HEAT-TRANSFER INVESTIGATIONS AND CORRELATION JBOCEDURES 


Q> 


Investigator 

NACA 

General Eleotrlo 

British 

British 

German 

Reference 

2 


3' 

4 

5 

Temperature ratio, 

0.9 

[... - 

0.8 

1 to 2 

0.83 

0.8 

Evaluation temperature far: 
Viscosity 

Film 1 

Inlet stream 

Average blade 

Inlet stream 

-P 

A 

s 

t 

Density 

Inlet stream 


wssm 

Inlet stream 

Inlet stream 

Thermal conductivity 

Film 1 

Inlet stream 

Average blade 

Inlet stream 

Inlet stream 

Pressure for density 

Inlet stream 

‘ Throat 2 

Mean 3 

Inlet stream 

Inlet stream 

Velocity 

Inlet stream 


Exit stream 

Inlet stream 

Inlet stream 

Characteristic length 

Perimeter/* 

Perimeter 

Chord 

Chord 

Perimeter/* 

Chord, in. 

0.680 

3.08 

1.0 

2.57 

3.94 

Number of blades in o as cade 

6 

1 

5 

| 

3 

Chord/spaolng 

1.92 

1.89 

1.61 


1.47 

Approximate inlet static 
gas temperature, °R 

530 

550 

565 - 1200 

535 

540 




X 4.JJLU UOflL^iai/UlO^ * 2 «p/» 

density multiplied, by velocity, pV 
^Mean density, p ■ p/Rt^. 


w/Af 
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Air flow 


(a) NACA (reference 2). 



(d) British (reference 4). 



(b) German (reference 5). 



(c) Genera! Electric* 


Figure I. - Turbine-blade 


(e) Impulse British 
(reference 3). 



(f) Reaction British 
(reference 3). 



ties and passage conf igurat ions. 
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(e) British (reference 4 ). 



(f) German (reference 5 ) • 


Figure 2. - Concluded. Experimental results of 
investi gat i ons . 





mwmumam 


Blade 

g.b 

Reference 

Heated Impulse 

0.217 Rej 0 * 64 

2 

Heated Impulse 

.216 Re| 0 ’ 67 

GE 

Cooled reaction 

1.03 Rej 0,52 

3 - 

Cooled impulse 

.191 Rej 0,66 

3 1 

Heated' reaction .801 Rej * 4 
(chord/spacing, 2.04) 

4 

Heated reaction 

.783 Re, 0 * 54 

4 

(chord/spacing 

, 1.69} 

- 

Heated impulse 

.207 Re: 0 * 84 

5 " 


Figure 3. - Comparison of available turbine heat -transfer data computed using Inlet Reynolds number. 




Suction surface 


Pressure surface 


Figure 4. - Sample theoretical velocity distribution. 
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(a} Impulse blades. 



Suction surface x/L Pressure surface 

(b) Reaction blades. 


Figure 5. - Theoretical velocity distributions 










(b) Comparison with average Reynolds number. 
Figure 7. - Comparison of data of reference 3. 










computed 



(b) Comparison with average Reynolds number. 
Figure 7. - Comparison of data of reference 3. 













m 


Figure 9. - Theoretical heat-t ransfer results of 
reference 8 showfng pre$sure-g radi ent effects. 
Mach number, approximately 0; Prandtl number, 0 
ratio of static wat I temperature to static gas 
temperature, |; V v * C v »x m . 
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■Slope ^ -1/3 




NACA^ 


Figure 10. - Correlation of British heat-transfer 
data using cooled reaction turbine blades 
(reference 3). Gas properties based on average 
blade temperature. Cha rac t e r I st i c length, 
perimeter divided by rc. 
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